The fuzzy analytic hierarchy process (AHP) and fuzzy Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) are extremely beneficial when a decision-making process is complex. The reason is that AHP and TOPSIS can prioritize multiple-choice criteria into a hierarchy by assessing the relative importance of criteria and can thus generate an overall ranking of the alternatives. This study uses fuzzy AHP and fuzzy TOPSIS to evaluate the human resource in science and technology (HRST) performance of Southeast Asian countries. The fuzzy TOPSIS analysis indicates that Singapore, South Korea, and Taiwan have similarities in their desired levels of HRST performance. That is, these three countries have better HRST performances than other Southeast Asian countries.
Introduction
In the current knowledge-based economy, innovation is identified as the driver of productivity and economic growth, thereby leading to a new focus on the important role of technology, information, and learning in economic performance. For decades, science, technology, and skilled labor have been viewed as having a key role in achieving sustainable national development. Policy makers focus on the measurement of the human resource in science and technology (HRST) competitiveness. Given that Southeast Asia is the world's fastest growing region, all Southeast Asian governments consider HRST the most critical project for the future development of national competitiveness. In this context, the need to measure and analyze the most highly skilled part of the labor force is considerably important in the international level.
On the basis of the shortcomings of conventional methods to measure HRST competitiveness, the main aim of the present study is to provide policy makers and practitioners with a fuzzy perspective on national HRST competitiveness evaluation and attempt to improve the accuracy and reconstruct the priority of each measurement dimension in HRST competitiveness. A total of 16 experts were invited to evaluate HRST competitiveness via the proposed fuzzy analytic hierarchy process (AHP) and fuzzy technique for order Preference by Similarity to Ideal Solution (TOPSIS) combined with multi-attribute decision-making (MADM). Fuzzy AHP was applied to determine the preference weights for the HRST competitiveness evaluation dimensions. Fuzzy TOPSIS overcomes the gaps in the alternatives between real performance values and aspired levels of each dimension and criterion to identify the best alternatives to achieve the desired HRST levels. Moreover, this study attempts to apply the revised process to assess the current HRST competitiveness status of nine Southeast Asian countries. Accordingly, the current research can provide the governments with strategic recommendations.
The remainder of this paper is structured as follows. Section 2 reviews the existing framework of HRST competitiveness. Section 3 demonstrates how fuzzy AHP and fuzzy TOPSIS are applied to real-world contexts. Section 4 applies empirical data to the adjusted HRST competitiveness model and discusses the findings. Lastly, Section 5 provides the managerial implications and conclusions.
Literature Review

HRST Competitiveness
The concept of competitiveness implies a win-win situation, in which one individual, firm, or country outperforms another. National competitiveness refers to a country's ability to command a substantial world market share in high-technology products while maintaining its citizens' standards of living [1] . Human resource competitiveness is the most important factor in achieving economic competitiveness [2] . High human resources competitiveness can enable enterprises achieve good performance and obtain the support of customers, shareholders, the society, and other stakeholders; and obtain the ability of long-term profit, namely, sustainable competitiveness advantage [3] . The development of HRST is a key factor in improving the competitiveness of countries [4] .
Competitiveness includes efficiency and effectiveness [5] . National HRST competitiveness implies HRST of efficiency, productivity, and profitability. Efficiency indicates how to produce the maximum output while using the least amount of resource input. Productivity is the relationship between output and input. Profitability analysis measures HRST's efficiency and productivity and how profitability affects the national economic performance and peoples' earnings. Eventually, productivity must be transformed to actual economic profit to demonstrate national competitiveness.
Indicators of HRST Competitiveness
Chou, Sun, and Yen [6] selected the essential input, infrastructure, and output indicators to evaluate HRST competitiveness in accordance with the assessments of development, science, and national competitiveness.
Infrastructure Indicators
Pawan [7] argued that education and training are directly related to science and technology development. Sallehuddin [8] suggested that professional education plays an important role to technology development. Universities and educational institutions are responsible to training and producing scientists and technological experts, who contribute to national technology advancement. That is, the educational system creates HRST which is a key component of the national technology development.
However, possessing extensive HRST is insufficient. Values and attitudes are considerably important. Oyebisi and Agboola [9] suggested that a technical professional's attitude toward a practical system is beneficial to technological development. Undoubtedly, the impact can be extended to the societal and national levels. Madanmohan, Kumar, and Kumar [10] were convinced that a technical personnel's willingness to do and to learn is substantially more significant than the ability they possess.
Madanmohan et al. [10] explained that the expansion of technological ability is dependent on the expansion and transformation of knowledge. Without cooperation or an expansion system, the attitudes and values of HRST alone are insufficient to promote overall competitiveness. The establishment of partnerships and cooperation among universities, industry, and the government can stimulate the performance of research and development (R&D). A system of cooperation among universities, industry, and the government is extremely critical to national scientific competitiveness. The labor force can generate creativity by maximizing the various resources available. Creativity leads to knowledge that is an improvement on that of other countries.
HRST is also derived from the labor market. The evaluation of the effectiveness of labor market in improving the competitiveness of HRST requires observing the supports of group productivity for the competitive advantage of corporations and countries. Furthermore, salaries and work hours represent the rewards and benefits bestowed on HRST. According to motivation theory, such rewards identify appropriate measures that enhance employee motivation, thereby enabling enhancements in productivity and loyalty. In summary, the infrastructure indicators for evaluating competitiveness of HRST are education, values, cooperation, and the labor market.
Input Indicators
Geisler [11] suggested that cost items in the cost-performance model are important input indicators. A few studies have suggested that the number of R&D engineers is a key input indicator for R&D [1, 10, 12] . Other studies have suggested that R&D human resources and R&D budgets are key input indicators for measuring R&D performance [13, 14] . Lee et al. [14] adopted four criteria, namely, R&D budget, R&D human resources, technological status, and the hydrogen technology infrastructure, to measure the national competitiveness in the hydrogen technology sector. Thus, the input indicators for evaluating competitiveness of HRST are R&D expenses and number of R&D personnel.
Output Indicators
Geisler [11] assessed a performance index for R&D output. The author divided immediate and intermediate outputs as two categories of the output. An immediate output index represents products that have gone through the R&D stage but have yet to reach the market (e.g. published materials, journals, patents, periodicals, new testing methods, number of doctors and the experience of scientists and engineers).
However, the intermediate output index can improve the performance index or commercialized items. This intermediate output index includes the influence on science and technology and R&D users (e.g. product improvement or the economic impact on direct users). Therefore, the output indicators for evaluating competitiveness of HRST are intermediate outputs and immediate outputs.
Methods
Fuzzy AHP
Fuzzy AHP is an extension of AHP [15] and is a beneficial technique for solving complicated decision problems. Any complicated problem can be deconstructed into different hierarchical levels of criteria. Within each hierarchy, a series of pair-wise comparisons are conducted to determine the importance of criteria. In AHP, experts use crisp numbers (e.g., 1, 2,···9) to determine the importance of criteria, whereas fuzzy AHP experts use natural linguistic terms (e.g., equally important, weakly important) to express their judgments. The linguistic terms represent the corresponding fuzzy numbers defined in fuzzy membership functions [6] .
Establishing Fuzzy Numbers
Zadeh [16] introduced the fuzzy sets, which are sets with elements that have different membership degrees. Fuzzy membership functions define the fuzzy sets on the basis of the interval of real numbers between 0 and 1. Triangular fuzzy membership functions are extensively adopted in the literature [17, 18] . The reason for such an adoption is the computational simplicity of triangular fuzzy membership functions and their ability to deal with fuzzy data [19] .
A fuzzy number N on R will be a triangular fuzzy number (TFN) if its membership function µ N (x) : R → 0, 1 is equal to Equation (1) as follows:
where l, m, and u are the lower, mean, and upper bounds, respectively, of the fuzzy number N. TFN can be denoted by N = (l, m, u). The operational laws of TFN N = (l 1 , m 1 , u 1 ) and N = (l 2 , m 2 , u 2 ) are provided by Equations (2)- (6) (Figure 1 ). are provided by Equations (2)-(6) (figure 1).
Figure 1. The membership functions of the triangular fuzzy number (TFN).
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Step 1: Conduct pair-wise comparison matrices for all criteria in the dimensions of the hierarchy system. Equation (7) shows that d k ij represents the k th decision makers' preference of the i th criterion over the j th criterion via TFNs.
Step 2: If more than one decision maker is present, then the preferences for each decision maker are average as shown in the following equation:
Step 3: Update the pair-wise comparison matrices for all criteria in the hierarchy system dimensions on the basis of the averaged preferences.
Step 4: Use the geometrical mean technique to define the fuzzy geometrical mean and fuzzy weights of each criterion.
Step 5: Determine the fuzzy weight of the criteria.
Step 6: Calculate the average and normalized weight criteria.
Fuzzy TOPSIS
TOPSIS considers an MADM problem with m alternatives as a geometric system with m points in the n-dimensional space of criteria. The proposed method is based on the concept that a chosen alternative has the shortest and farthest distances from the positive-ideal solution (i.e., achieving minimal gaps between each criterion) and the negative-ideal solution (i.e., achieving maximal levels for each criterion), respectively. TOPSIS defines an index called similarity as closest and farthest to the positive-and negative-ideal solutions, respectively. Thereafter, the proposed method chooses an alternative with maximum similarity to the positive-ideal solution [21, 22] . Shadbegian and Gray [23] indicated that decision makers have difficulty assigning a precise performance rating to an alternative, the attributes of which are under consideration. The merit of using a fuzzy approach is that fuzzy numbers, instead of precise numbers, can be assigned to represent the relative importance of attributes, which is consistent with the real-world fuzzy environment. Thereafter, TOPSIS is extended to the fuzzy environment [18, 24] . This method is particularly suitable for solving group decision-making problems under fuzzy environments. The fuzzy theory was briefly analyzed before the development of the fuzzy TOPSIS. Mathematical concepts were adopted from Büyüközkan, Feyzioglu, and Nebol [25] ; Kuo et al. [24] ; and Wang and Chang [22] .
Step 1: Determine the weights of the evaluation criteria. The present study applies fuzzy AHP to determine fuzzy preference weights.
Step 2: Construct the fuzzy decision matrix and choose the appropriate linguistic variables as alternatives for the criteria.
, where x k ij is the performance rating of the alternative A i with respect to criterion C j evaluated by the k th expert and
Step 3: Normalize the fuzzy decision matrix. The normalized fuzzy decision matrix denoted by R is depicted as follows:
Thereafter, the normalization process can be performed as follows: where r ij = l ij u
.., n . Alternatively, we can set the best aspired level u + j and j = 1, 2, . . . , n is equal to 1; otherwise, the worst is 0. The normalized r ij continues to be TFNs. For trapezoidal fuzzy numbers, the normalization process can be performed in the same manner. The weighted fuzzy normalized decision matrix is stated as the following matrix V:
where v ij = r ij ⊗ w j .
Step 4: Determine the fuzzy positive-ideal solution (FPIS) and fuzzy negative-ideal solution (FNIS). The weighted normalized fuzzy decision matrix indicates that the elements v ij are normalized positive TFN and their ranges belong to the closed interval [0,1]. Thereafter, we can define the FPIS A + (aspiration levels) and FNIS A − (the worst levels) as follows:
where v * j = (1, 1, 1) ⊗ w j = (lw j , mw j , uw j ) and v 
Step 6: Obtain the closeness coefficients (relative gaps-degree) and improve the alternatives to achieve the aspiration levels in each criterion.
Opricovic and Tzeng [26] developed a compromise solution using the MCDM methods for the comparative analysis of Vlse Kriterijumska Optimizacija Kompromisno Resenje (VIKOR) and TOPSIS.
The preceding study has noted that TOPSIS cannot be used for ranking. Thus, the improved alternative chosen should have the shortest and farthest distances from the positive-ideal solution (i.e., achieving minimal gaps between each criterion) and negative-ideal solution (i.e., achieving the maximal levels in each criterion), respectively. Therefore, we propose that C C i is defined to determine the fuzzy gaps-degree on the basis of the fuzzy closeness coefficients to improve the alternatives. Once d 
where we define
as fuzzy satisfaction degree in the i-th alternative and
as fuzzy gap-degree in the i-th alternative. We can know which and how fuzzy gaps should be improved to achieve the aspiration levels and obtain the best win-win strategy from among a fuzzy set of feasible alternatives.
Empirical Data Analysis and Results
After reviewing the literature, the criteria were selected to build the hierarchical systems. The present study adopts the fuzzy AHP method to evaluate the weights of the different dimensions for the HRST competitiveness of nine Southeast Asian countries, namely, Singapore, South Korea, Taiwan, Hong Kong, Malaysia, China, Thailand, the Philippines, and India. The research data and framework for the assessment of the HRST competitiveness were adopted from The World Competitiveness Yearbook [5] . The completion of the judgment matrix by experts is extremely important following the construction of the fuzzy AHP model.
Step 1: Obtain the weights of the evaluation dimensions.
(1) In accordance with the committee of sixteen representatives, if the relative importance of the dimensions is followed, then the pair-wise comparison matrices of the dimensions will be obtained. We apply the fuzzy numbers provided in Table 1 and transfer the linguistic scales to the corresponding fuzzy numbers. (2) Buckley [15] suggested computing the elements of synthetic pair-wise comparison matrix by using the geometric mean method.
, for a 12 as the example:
The results can be obtained from the other matrix elements via the same computational procedure. Therefore, the synthetic pair-wise comparison matrices of the five representatives will be constructed as follows for matrix A:
(1.000,1.000, The weight of each dimension can be calculated as follows: 
The COA method is used to compute the BNP value of the fuzzy weights of each dimension. As an example, the following calculation process is used to obtain the BNP value of the weight of D 1 (Infrastructure):
Thereafter, the weights for the remaining dimensions can be determined (see Table 2 ), which depicts the relative weight of the three dimensions and eight criteria obtained using the fuzzy AHP method.
Step 2: Construct the fuzzy decision matrix and choose the appropriate linguistic variables for the alternatives with respect to criteria.
The present study focuses on evaluating the human resources in the science and technology performances of Southeast Asian countries. Therefore, we assume that questionnaires have been collected and will start by building a data set from the questionnaires that are collected. The evaluators have their own ranges for the linguistic variables employed in the current study based on their subjective judgments [19] . For each evaluator with the same importance, this study employs the average value method to integrate the fuzzy/vague judgment values of the different evaluators regarding the same evaluation dimensions. The evaluators adopted linguistic terms (see Table 3 ), namely, "very poor," "poor," "fair," "good," and "very good," to express their opinions on the rating of companies regarding each capability criteria. The bases for such adoption are the technological data of the four companies presented in Table 4 .
Using Equation (10), we can normalize the fuzzy decision matrix (see Table 5 ).
Step 3: Establish the weighted normalized fuzzy decision matrix.
The fourth step in the analysis is to obtain the weighted fuzzy decision matrix. Table 6 presents the resulting fuzzy weighted decision matrix.
Step 4: Determine the fuzzy positive and fuzzy negative ideal reference points.
We can define FPIS and FNIS as A + and A − , respectively. This is the fifth step of the fuzzy TOPSIS analysis. Step 5: Calculate the distance of each alternative from FPIS and FNIS.
The following calculation is used as an example to calculate the closeness coefficients of each of the alternatives d Step 6: Estimate the performance and rank the alternatives.
Once the distances from FPIS and FNIS are determined, the closeness coefficient can be obtained using Equation (16) . The index CC 1 of the first alternative is calculated as follows: Higher education achievement Higher education achievement We define C C − i as the satisfaction degree in the i-th alternative and CC + i as the gap degree in i-th alternative. We can determine which and how gaps should be improved for achieving aspiration levels and obtaining the best win-win strategy from among a fuzzy set of feasible alternatives. The aspired/desired satisfaction degree of the fuzzy TOPSIS is 1.00. The results presented in Table 7 indicate that we can determine the satisfaction degrees and gap degrees of each company. Thereafter, the satisfaction degree values of A 1 , A 2 , A 3 , A 4 , A 5 , A 6 , A 7 , A 8 , and A 9 are the 0.0505, 0.0532, 0.0500, 0.0480, 0.0474, 0.0491, 0.0423, 0.0401, and 0.0452 levels, respectively (i.e., the 0.950, 0.947, 0.950, 0.952, 0.953, 0.951, 0.958, 0.960, and 0.955 levels, respectively, should be improved). However, we can calculate the gap degrees between the performance and the aspired/desired level using Equation (16) . The results presented in Table 7 reveal that Singapore (A 1 ), South Korea (A 2 ), and Taiwan (A 3 ) are similar to the aspired/desired level. 
Conclusions
The present study adopted AHP and TOPSIS of MCDM to evaluate the HRST performance in Southeast Asian countries. The TOPSIS results indicate that Singapore, South Korea, and Taiwan have similar aspired/desired levels. That is, these countries have excellent HRST performance. Human resource competitiveness is the most important factor in achieving national competitiveness. The 2010 World Competitiveness Scoreboard ranked 58 economies covered in the International Institute for Management Development [5] World Competitiveness Yearbook. For the first time in decades, Singapore was ranked 1st (scoreboard = 100). Singapore had high HRST performance, thereby indicating the highest competitiveness. Taiwan and South Korea also had high HRST performance and can rapidly improve their national competitiveness. Taiwan's rank increased from 23rd to 8th, while South Korea's rank increased from 27th to 23rd. Therefore, high HRST performance enables modern economies to improve national competitiveness.
The AHP result identified important criteria for evaluating HRST performance, namely, business R&D per capita expenditures, high-tech exports, total R&D per capita expenditures, basic research, and total R&D personnel per capita nationwide. Countries can enhance their HRST performance by increasing their R&D investment and education of R&D personnel. The main determinant of innovation is formal knowledge resulting from R&D or from the acquisition of equipment, patents, or licenses (Musolesi & Huiban, 2012) . Moreover, a country should focus on high-tech and research output indicators to improve national compositeness.
The present study contributes to the current knowledge in several ways. First, HRST is a core competitive advantage for any country in the current global environment. The application of fuzzy TOPSIS to rank Southeast Asian countries by HRST performance enables this study to provide guidance for these countries to develop their national competitiveness. Moreover, improving HRST performance means enhancing a country's human resource competitiveness and increasing the level of economic development. Second, this study applies the fuzzy AHP methods to identify which indicators are the most important in the development of HRST performance and provides implications for allocating resources in HRST development. Given that resources are scarce, additional resources can be invested in the most important HRST variables. Third, the current ranking of national competitiveness is limited only to overall performance. The present study ranks Southeast Asian countries in terms of HRST. Thus, this research clarifies the competitiveness of a country with regard to HRST. Lastly, combining the results of the fuzzy AHP and fuzzy TOPSIS enables this study to provide a comprehensive understanding of the important weight of each HRST criteria and the Southeast Asian country ranking.
Further research can explore how to substantially remove the gaps between each criterion on the basis of a network relationship map (NRM) and identify the complex relationships among the evaluation criteria. Accordingly, NRM can identify the most important criteria and assess the relationships among the evaluation criteria.
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